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Analysis�
•  Two(pairs(of(leptons((electrons(or(muons),&isolated&and&prompt,&of&
opposite&sign&and&same&flavor,&selected&down&to&low&pT&(~5&GeV)&

•  Requirements&on&di[lepton&masses&

KinemaFc(discriminants:(
•  7&variables&completely&describe&decay&kinemaHcs:&

&mZ1,&mZ2,&5&angles&
•  Probability&distribuHons&are&built&from&matrix&

elements&for&various&contribuHng&processes&
&&&&&(gg&� 4l&signal,&gg&� 4l&total,&qq&→&4l&etc.)&e.g.&
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arbitrary rotation around the beam axis. These observables
provide significant discriminating power between signal
and background, as well as between alternative signal
models. A matrix-element likelihood approach is used to
construct kinematic discriminants related to the decay
observables [20,31].
In addition to the four-lepton center-of-mass-frame

observables, the four-lepton transverse momentum and
rapidity are needed to completely define the system in
the lab frame. The transverse momentum of the four-lepton
system is used in the analysis as an independent observable
because it is sensitive to the production mechanism of the
Higgs boson, but it is not used in the spin-parity analysis.
The four-lepton rapidity is not used because the discrimi-
nation power of this observable for events within the
experimental acceptance is limited.
Kinematic discriminants are defined based on the event

probabilities depending on the background (Pbkg) or signal
spin-parity (JP) hypotheses under consideration (PJP):

Pbkg ¼ Pkin
bkgðmZ1

; mZ2
; ~Ωjm4lÞ ×Pmass

bkg ðm4lÞ; (4)

PJP ¼ Pkin
JP ðmZ1

; mZ2
; ~Ωjm4lÞ ×Pmass

sig ðm4ljmHÞ; (5)

where Pkin is the probability distribution of angular and
mass observables ð ~Ω; mZ1

; mZ2
Þ computed from the LO

matrix element squared for signal and ZZ processes, and
Pmass is the probability distribution of m4l and is calcu-
lated using the parameterization described in Sec. XII A.
Matrix elements for the signals are calculated with the
assumption that mH ¼ m4l. The probability distributions
for spin-0 resonances are independent of an assumed

production mechanism. Only the dominant qq̄ → ZZ back-
ground is considered in the probability parameterization.
For the reducible backgrounds, empirical templates derived
from the data control samples defined in Sec. IX B are used
to model the probability density functions of the kinematic
discriminants, as described in Sec. XII.
For the alternative signal hypotheses, nine models have

been tested, following the notations from Refs. [41,42]. The
most general decay amplitude for a spin-0 boson decaying
to two vector bosons can be defined as

AðH → ZZÞ ¼ v−1ða1m2
Zϵ

$
1ϵ

$
2 þ a2f

$ð1Þ
μν f$ð2Þ;μν

þ a3f
$ð1Þ
μν ~f$ð2Þ;μνÞ; (6)

where fðiÞ;μν ¼ ϵμi q
ν
i − ϵνi q

μ
i is the field-strength tensor of a

gauge boson with momentum qi and polarization vector ϵi,
~fðiÞμν ¼ 1=2ϵμναβfðiÞ;αβ ¼ ϵμναβϵαi q

β
i is the conjugate field

strength tensor, f$ denotes the complex conjugate field
strength tensor, and v is the vacuum expectation value of
the SM Higgs field. ϵμναβ is the Levi-Civita completely
antisymmetric tensor. The ai coefficients generally depend
on q2i . In this analysis, we consider the lowest-dimension
operators in the effective Lagrangian corresponding to each
of the three unique Lorentz structures, therefore taking ai to
be constant for the relevant range q2i ¼ m2

Zi
< m2

H. The SM
Higgs boson decay is dominated by the tree-level coupling
a1. The 0− model corresponds to a pseudoscalar (domi-
nated by the a3 coupling), while 0

þ
h is a scalar (dominated

by the a2 coupling) not participating in the electroweak
symmetry breaking, where h refers to higher-dimensional
operators in Eq. (6) with respect to the SM Higgs boson.
The spin-0 signal models are simulated for the gluon fusion
production process, and their kinematics in the boson
center-of-mass frame is independent of the production
mechanism.
The 1− and 1þ hypotheses represent a vector and a

pseudovector decaying to two Z bosons. The spin-1
resonance models are simulated via the quark-antiquark
production mechanism, as the gluon fusion production of
such resonances is expected to be strongly suppressed. The
spin-1 hypotheses are considered under the assumption
that the resonance decaying into 4l is not necessarily the
same resonance observed in theH → γγ channel [19,20], as
J ¼ 1 in the latter case is prohibited by the Landau-Yang
theorem [124,125]. This also provides a test of the spin-1
hypothesis in an independent way.
The spin-2 model with minimal couplings, 2þm, repre-

sents a massive graviton-like boson X suggested, for
example, in models with warped extra dimensions (ED)
[126,127], where gluon fusion is the dominant process. For
completeness, 100% quark-antiquark annihilation is also
considered, which provides a projection of the spin of
the resonance on the parton collision axis equal to 1, instead
of 2, as in the case of gluon fusion with minimal couplings.

FIG. 8 (color online). Illustration of the production and decay
of a particle H, ggðqq̄Þ → H → ZZ → 4l, with the two produc-
tion angles θ$ and Φ1 shown in the H rest frame and three decay
angles θ1, θ2, and Φ shown in the Z1, Z2, and H rest frames,
respectively.
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A modified minimal coupling model 2þb is also considered,
where the SM fields are allowed to propagate in the bulk
of the ED [128], corresponding to g1 ≪ g5 in the XZZ
coupling for the 2þm model, where the gi’s are the couplings
in the effective Lagrangian of Ref. [42]. Finally, two spin-2
models with higher-dimension operators are considered
with both positive and negative parity, 2þh and 2−h , corre-
sponding to the g4 and g8 couplings. The 2þb , 2

þ
h , and 2−h

resonances are assumed to be produced in gluon fusion.
The above list of the spin-2 models does not exhaust all
possible scenarios, nor does it cover possible mixed states.
However, it does provide a representative sample of spin-2
alternatives to the JP ¼ 0þ hypothesis.
For discrimination between the SM Higgs boson

(JP ¼ 0þ) and the SM backgrounds (nonresonant ZZ
and reducible backgrounds), an observable is created from
the probability distributions in Eqs. (4) and (5):

Dkin
bkg ¼

Pkin
0þ

Pkin
0þ þPkin

bkg
¼

!
1þ

Pkin
bkgðmZ1

; mZ2
; ~Ωjm4lÞ

Pkin
0þ ðmZ1

; mZ2
; ~Ωjm4lÞ

"−1
:

(7)

The discriminant defined this way does not carry direct
discrimination power based on the four-lepton mass m4l
between the signal and the background. Hence, it can be
used as a second discriminating observable in addition to
the m4l distribution. The Pi’s are normalized with addi-
tional constant factors for a given value of m4l, such that
the ratio of probabilities is scaled by a constant factor
leading to probabilities PðD > 0.5jHÞ ¼ PðD < 0.5jbkgÞ.
In this analysis, the SM Higgs boson signal is distin-

guished simultaneously from the background and from

alternative signal hypotheses. The former is separated with
Dbkg, and the latter withDJP observables constructed from
the background, signal, and the probability of the alter-
native hypotheses defined in Eqs. (4) and (5). The Dbkg
observable extends Dkin

bkg defined in Eq. (7) with the four-
lepton mass probability for separation at a fixed value of the
mass m0þ :

Dbkg ¼
!
1þ

Pkin
bkgðmZ1

;mZ2
; ~Ωjm4lÞ×Pmass

bkg ðm4lÞ

Pkin
0þ ðmZ1

;mZ2
; ~Ωjm4lÞ×Pmass

sig ðm4ljm0þÞ

"−1
:

(8)

The other observable discriminates between the SM
Higgs boson and the alternative signal hypothesis:

DJP ¼
!
1þ

Pkin
JP ðmZ1

; mZ2
; ~Ωjm4lÞ

Pkin
0þ
ðmZ1

; mZ2
; ~Ωjm4lÞ

"−1
: (9)

The spin-0 discriminants D0− and D0þh
are independent

of any production mechanism, since in the production of a
spin-0 particle the angular decay variables are independent
of production mechanism. This is not the case for the spin-1
and spin-2 signal hypotheses. Therefore, it is desirable to
test the spin-1 and spin-2 hypotheses in a way that does not
depend on assumptions about the production mechanism.
This is achieved by either averaging over the spin degrees
of freedom of the produced boson or, equivalently, inte-
grating the matrix elements squared over the production
angles cos θ% and Φ1 [48]. With the latter, the discriminants
are defined as

Ddec
bkg ¼

!
1þ

1
4π

R
dΦ1d cos θ%Pkin

bkgðmZ1
; mZ2

; ~Ωjm4lÞ ×Pmass
bkg ðm4lÞ

Pkin
0þ ðmZ1

; mZ2
; ~Ωjm4lÞ ×Pmass

sig ðm4ljm0þÞ

"−1
; (10)

Ddec
JP ¼

!
1þ

1
4π

R
dΦ1d cos θ%Pkin

JP ðmZ1
; mZ2

; ~Ωjm4lÞ
Pkin

0þ ðmZ1
; mZ2

; ~Ωjm4lÞ

"−1
:

(11)

The superscript “dec” indicates that these discriminants
use decay-only information. The probabilities for spin-0
resonances are already independent of the production
mechanism; however, their distributions, for all the JP

hypotheses, do carry some production dependence due to
detector and analysis acceptance effects. Such production-
dependent variations in the discriminant distribution
shapes are found to be small and are treated as systematic
uncertainties.
Table II summarizes all kinematic observables used in

this analysis, for different purposes. To make an optimal

use of the available information, the distribution of these
observables is used without any selection in a fit.
This analysis uses the matrix-element likelihood

approach (MELA) framework [20,42,43], with the matrix
elements for different signal models taken from JHUGEN

[41–43] and the matrix element for the qq̄ → ZZ back-
ground taken from MCFM [104–106]. Within the MELA
framework, an analytical parameterization of matrix ele-
ments for signal [41,42] and background [120] was adopted
in the previous analyses of CMS data with results reported
in Refs. [20,31]. The above matrix-element calculations are
validated against each other and also tested with the matrix-
element kinematic discriminant (MEKD) framework [121],
based on MADGRAPH [70] and FEYNRULES [129], and with
a stand-alone framework implementation of MADGRAPH.
The inclusion of the lepton interference in the kinematic
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transverse energy around 30 GeV is probed with an
accuracy of about 0.3%. Figures 1 and 2 summarize the
verifications of the electron and photon energy scales
from these samples using the 8 TeV data set, after the
full calibration procedure is applied. In addition to the
J=ψ → eþe− and Z → lþl−γ samples, the nonlinearity in
the electron energy scale is also probed by dividing the
Z → eþe− sample into bins of electron ET. These figures
also show the total systematic uncertainty on the electron
and photon energy scales as a function of ET and η. The
same verifications are performed using the 7 TeV data set
with results consistent within uncertainties.

G. Uncertainties on the calorimeter energy resolution

Systematic uncertainties on the calorimeter energy res-
olution arise from uncertainties in the modeling of the
sampling term and on the measurement of the constant term
in Z boson decays, from uncertainties related to the amount
of material in front of the calorimeter, which affect
electrons and photons differently, and from uncertainty
in the modeling of the small contribution to the resolution
from fluctuations in the pileup from other proton-proton

interactions in the same or neighboring bunch crossings.
The uncertainty on the calorimeter energy resolution is
typically ∼10% for photons from Higgs boson decays, and
varies from 10% to 5% for electrons in the ET range from
10 GeV to 45 GeV.

III. MUON RECONSTRUCTION, MOMENTUM
SCALE AND RESOLUTION SYSTEMATIC

UNCERTAINTIES

The muon momentum is measured independently by the
ID and the MS detector systems. Four types of muon
candidates are reconstructed, depending on the available
information from the ID, the MS, and the calorimeters.
Most muon candidates are identified by matching a
reconstructed ID track with either a complete or a partial
(local segment) track reconstructed in the MS [20,26]. If a
complete MS track is present, the two independent
momentum measurements are combined (CB muons);
otherwise the momentum is measured using the ID, and
the partial MS track serves as identification (segment-
tagged muons). The muon reconstruction and identification
coverage is extended by using tracks reconstructed in the
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FIG. 2 (color online). Relative scale difference, Δ Scale, between the measured photon energy scale using Z → llγ events and the
nominal energy scale: (a) as a function ofET for unconverted photons, (b) as a function of η for unconverted photons, (c) as a function ofET
for converted photons and (d) as a function of η for converted photons. Photons reconstructed in the transition region between the barrel and
end-cap calorimeters are not considered. The Z → llγ measurements are the points with error bars. The uncertainty on the nominal energy
scale for photons is shown as the shaded area. The error bars include the systematic uncertainties specific to the Z → llγ measurement.
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The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm2
ZZ

⇠
g2

ggHg2
HZZ

(m2
ZZ � m2

H)
2 + m2

HG2
H

, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g2
ggHg2

HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g2

ggHg2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.
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1. Introduction

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,
reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-
troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical
importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which
ATLAS and CMS presented results in Refs. [3, 4], and spin/CP properties, studied by ATLAS and CMS
in Refs. [5, 6].

The studies in Refs. [7–10] have shown that the high-mass o↵-peak regions beyond 2mV (V = Z,W), well
above the measured resonance mass of about 125 GeV [4,11], in the H ! ZZ and H ! WW channels are
sensitive to Higgs boson production through o↵-shell and background interference e↵ects. This presents
a novel way of characterising the properties of the Higgs boson in terms of the o↵-shell event yields,
normalised to the SM prediction (referred to as signal strength µ), and the associated o↵-shell Higgs
boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the
Higgs boson and other fundamental particles in the high-mass region [12–18]. This approach was used
by the CMS Collaboration [19] to set an indirect limit on the Higgs boson total width. The analysis
presented in this paper is complementary to direct searches for Higgs boson to invisible decays [20, 21]
and to constraints coming from the Higgs boson coupling tests [3, 4].

This paper presents an analysis of the o↵-shell signal strength in the ZZ ! 4`, ZZ ! 2`2⌫ and WW !
e⌫ µ⌫ final states (` = e, µ). It is structured as follows: Sect. 2 discusses the key theoretical considerations
and the simulation of the main signal and background processes. Sections 3, 4 and 5 give details for
the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively. The dominant
systematic uncertainties are discussed in Sect. 6. Finally the results of the individual analyses and their
combination are presented in Sect. 7.

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data
corresponding to an integrated luminosity of 20.3 fb-1 at a collision energy of

p
s = 8 TeV.

2. Theoretical predictions and simulated samples

The cross-section �gg!H⇤!VV
o↵-shell for the o↵-shell Higgs boson production through gluon fusion with sub-

sequent decay into vector-boson pairs,1 as illustrated by the Feynman diagram in Fig. 1(a), is proportional
to the product of the Higgs boson couplings squared for production and decay. However, unlike the on-
shell Higgs boson production, �gg!H⇤!VV

o↵-shell is independent of the total Higgs boson decay width �H [7,8].
Using the framework for Higgs boson coupling deviations as described in Ref. [23], the o↵-shell signal
strength in the high-mass region selected by the analysis described in this paper at an energy scale ŝ,
µo↵-shell(ŝ), can be expressed as:

µo↵-shell(ŝ) ⌘ �
gg!H⇤!VV
o↵-shell (ŝ)

�gg!H⇤!VV
o↵-shell, SM (ŝ)

= 2g,o↵-shell(ŝ) · 2V,o↵-shell(ŝ) , (1)

1 In the following the notation gg ! (H⇤ !)VV is used for the full signal+background process for VV = ZZ and WW
production, including the Higgs boson signal (S) gg ! H⇤ ! VV process, the continuum background (B) gg ! VV process
and their interference. For vector-boson fusion (VBF) production, the analogous notation VBF (H⇤ !)VV is used for the
full signal plus background process, with VBF H⇤ ! VV representing the Higgs boson signal and VBF VV denoting the
background.
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where g,o↵-shell(ŝ) and V,o↵-shell(ŝ) are the o↵-shell coupling scale factors associated with the gg ! H⇤
production and the H⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,
the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent
of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated
independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The
interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.
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Figure 1: The leading-order Feynman diagrams for (a) the gg ! H⇤ ! VV signal, (b) the continuum gg ! VV
background and (c) the qq̄! VV background.

In contrast, the cross-section for on-shell Higgs boson production allows a measurement of the signal
strength:

µon-shell ⌘
�gg!H!VV

on-shell

�gg!H!VV
on-shell, SM
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which depends on the total width �H . Assuming identical on-shell and o↵-shell Higgs boson coupling
scale factors, the ratio of µo↵-shell to µon-shell provides a measurement of the total width of the Higgs boson.
This assumption is particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced
gg ! H production process, as it is sensitive to new physics that enters at higher mass scales and could
be probed in the high-mass mVV signal region of this analysis. More details are given in Refs. [12–16].
With the current sensitivity of the analysis, only an upper limit on the total width �H can be determined,
for which the weaker assumption

2g,on-shell · 2V,on-shell  2g,o↵-shell · 2V,o↵-shell , (3)

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed
that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings
i,o↵-shell does not modify the predictions for the backgrounds. Further, neither are there sizeable kinematic
modifications to the o↵-shell signal nor new, sizeable signals in the search region of this analysis unrelated
to an enhanced o↵-shell signal strength [18, 24].

While higher-order quantum chromodynamics (QCD) and electroweak (EW) corrections are known for
the o↵-shell signal process gg ! H⇤ ! ZZ [25], which are also applicable to gg ! H⇤ ! WW, no
higher-order QCD calculations are available for the gg! VV background process, which is evaluated at
leading order (LO). Therefore the results are given as a function of the unknown K-factor for the gg! VV
background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively in
the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables and,
the event selections are designed to minimise the dependence on the boost of the VV system, which is
sensitive to the jet multiplicity.
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Figure 8: Observed distribution of �2 ln(L/Lmax) as a function of GH and fLQ cos fLQ with
the assumption fLQ = 0 or p (top panel). The bottom panel shows the observed conditional
likelihood scan as a function of fLQ cos fLQ for a given GH. The likelihood contours are shown
for the two-parameter 68% and 95% CLs (top) and for the one-parameter 68% and 95% CLs
(bottom). The black curve with white dots on the bottom panel shows the fLQ cos fLQ minima
at each GH value.
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Equation (4) describes all anomalous contributions up to dimension five operators. In the SM,
only the a1 term appears at tree level in couplings to ZZ and WW, and it remains dominant after
loop corrections. Constraints on the anomalous contributions from the a2, a3 and L1 terms to
the H ! VV decay have been set by the CMS and ATLAS experiments [16–18] through on-shell
H boson production.

The LQ term depends only on the invariant mass of the H boson, so its contribution is not
distinguishable from the SM in the on-shell region. This paper tests the LQ term through
the off-shell region. Equation (4) describes both ZZ and WW couplings, and it is assumed
that LQ is the same for both. The ratio of any loop contribution from a heavy particle in the
HVV scattering amplitude to the SM tree-level a1 term would be predominantly real, and the
imaginary part of the ratio would be small. If the contribution instead comes from an additional
term to the SM Lagrangian itself, this ratio can only be real. Therefore, only real coupling ratios
are tested such that cos fLQ = ±1 and a1 � 0, where a1 = 2 and LQ ! • correspond to the
tree-level SM HVV scattering with µggH = µVVH = 1. The effective cross-section fraction due
to the LQ term, denoted as fLQ, allows a parameterization similar to the conventions of L1 in
Ref. [17]. It is defined for the on-shell gg ! H ! VV process assuming no contribution from
other anomalous couplings as

fLQ =
m4

H/L4
Q

|a1|2 + m4
H/L4

Q
. (5)

The HVV couplings in Eq. (4) appear in both production and decay for the VBF and VH mecha-
nisms while they appear only in decay for H boson production through gluon fusion. Isolating
the former two production mechanisms therefore enhances the sensitivity to the contribution
of anomalous couplings. While the previous study of the H boson width [10] employs dijet
tagging only in the on-shell region, VBF jet identification is also extended to the off-shell region
in this analysis with techniques from Ref. [20]. A joint constraint is obtained on GH, fLQ, µggH,
and µVVH, where the latter two parameters correspond to the H production strength in gluon
fusion, and VBF or VH production mechanisms in the on-shell region, respectively.

3 The CMS experiment and simulation
The CMS detector, described in detail in Ref. [19], provides excellent resolution for the measure-
ment of electron and muon momenta and impact parameters near the LHC beam interaction
region. Within the superconducting solenoid (3.8 T) volume of CMS, there are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and
scintillator hadron calorimeter. Muons are identified in gas-ionization detectors embedded in
the iron flux return placed outside the solenoid. The data samples used in this analysis are
the same as those described in Refs. [10, 16, 17, 20], corresponding to an integrated luminosity
of 5.1 fb�1 collected in proton-proton collisions at LHC with center-of-mass energy of 7 TeV in
2011 and 19.7 fb�1 at 8 TeV in 2012. The uncertainties in the integrated luminosity measurement
are 2.2% and 2.6% for the 2011 and 2012 data sets, respectively [28, 29].

The H boson signal production through gluon fusion or in association with two fermions from
either vector boson fusion or associated vector boson production may interfere with the back-
ground 4` production with the same initial and final states. The background 4` production
is considered to be any process that does not include a contribution from the H boson signal.
The on-shell Monte Carlo (MC) simulation does not require interference with the background
because of the relatively small H boson width [10]. The off-shell production leads to a broad
m4` spectrum and is generated using the full treatment of the interference between the signal
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2 2 Analysis techniques

momentum. The average Dt is inversely proportional to the total width:

hDti = tH =
h̄

GH
(2)

The distribution of the measured lifetime Dt is used to set an upper limit on the average lifetime
of the H boson, or equivalently a lower limit on its width GH, and it follows the exponential
distribution if known perfectly. The expected SM H boson average lifetime is tH ⇡ 48 fm/c
(16 ⇥ 10�8 fs) and is beyond instrumental precision. The technique summarized in Eq. (1)
nonetheless allows the first direct experimental constraint on tH.

The upper bound on GH is set using the off-shell production method [22–24] and follows the
technique developed by CMS [10], where the gluon fusion and weak vector boson fusion (VBF)
production mechanisms were considered in the analysis. The technique considers the H boson
production relationship between the on-shell (105.6 < m4` < 140.6 GeV) and off-shell (220 <
m4` < 1600 GeV) regions. Denoting each production mechanism with vv ! H ! ZZ for H
boson coupling to either strong (vv = gg) or weak (vv = VV) vector bosons vv, the on-shell
and off-shell yields are related by

s

on-shell
vv!H!ZZ µ µvvH and s

off-shell
vv!H!ZZ µ µvvH GH, (3)

where µvvH is the on-shell signal strength, the ratio of the observed and expected on-shell
production cross sections for the four-lepton final state, which is denoted by either µggH for
gluon fusion production or µVVH for VBF production. The ttH process is driven by the H
boson couplings to heavy quarks like the gluon fusion process, and the VH process by the H
boson couplings to weak vector bosons like the VBF process. They are therefore parameterized
with the same on-shell signal strengths µggH and µVVH, respectively. The effects of signal-
background interference are not shown in Eq. (3) for illustration but are taken into account in
the analysis.

The relationship in Eq. (3) implies variations of the vvH couplings as a function of m4`. This
variation is assumed to be as in the SM gluon fusion process. The assumption is valid as long
as the production is dominated by the top-quark loop and no new particles contribute to this
loop. Variation of the HVV couplings, either in the VBF or VH production or in the H ! ZZ
decay, may depend on anomalous coupling contributions. An enhancement of the off-shell
signal production is suggested with anomalous HVV couplings [10, 25–27], but neither experi-
mental studies of off-shell production nor realistic treatment of signal-background interference
has been done with these anomalous couplings. We extend the methodology of the recent anal-
ysis of anomalous HVV couplings of the H boson [17] to study these couplings and introduce
in the scattering amplitude an additional term that depends on the H boson invariant mass,
(qV1 + qV2)

2:
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"
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2

(LQ)
2 � eifL1

�
q2

V1 + q2
V2
�

(L1)
2

#
m2

Ve

⇤
V1e

⇤
V2

+ a2 f ⇤(1)
µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn, (4)

where f (i)µn = e

µ

Viq
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Vi � e

n

Viq
µ

Vi is the field strength tensor of a gauge boson with momentum qVi

and polarization vector eVi, f̃ (i)
µn

= 1
2 e

µnrs

f (i),rs is the dual field strength tensor, the superscript ⇤
designates a complex conjugate, and mV is the pole mass of a vector boson. The ai are complex
coefficients, and the L1 or LQ may be interpreted as the scales of beyond-the-SM (BSM) physics.
The complex phase of the L1 and LQ terms are explicitly given as fL1 and fLQ, respectively.
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Figure 5: Distributions of Dbkg (left) and cDt (right) in the lifetime analysis with Dbkg > 0.5
required for the latter to suppress the background. The points with error bars represent the
observed data, and the filled histograms stacked on top of each other represent the expected
contributions from the SM backgrounds. Stacked on the total background contribution, the
open histograms show the combination of all production mechanisms expected in the SM for
the H boson signal with either the SM lifetime or ctH = 100 µm. Each signal contribution in
the different open histograms are the same as the total number of events expected from the
combination of all production mechanisms in the SM. All signal distributions are shown with
the total number of events expected in the SM. The first and last bins of the cDt distributions
include all events beyond |cDt| > 500 µm.

The lifetime analysis makes use of the observable Dt calculated following Eq. (1). The reference
point for H boson production vertex is taken to be the beam spot, which is the pp collision
point determined by fitting charged-particle tracks from events in multiple collisions, and the
value of D~rT is calculated as the displacement from the beam spot to the 4` vertex in the plane
transverse to the beam axis. An alternative calculation of Dt has also been considered using the
primary vertex of each event instead of the beam spot, but the different associated particles in
the H boson production and their multiplicity would introduce additional model dependence
in the primary vertex resolution.

The Dt value is nonnegative and follows the exponential decay distribution if it is known per-
fectly for each event. However, resolution effects arising mostly from limited precision of the
D~rT measurement allow negative Dt values. This feature allows for an effective self-calibration
of the resolution from the data. Symmetric broadening of the Dt distribution indicates reso-
lution effects while positive skew indicates sizable signal lifetime. Figure 5 displays the Dt
distributions. The resolution in Dt also depends on the pT spectrum of the produced H boson,
which differs among the production mechanisms, and this dependence is accounted for in the
fit procedure as described in detail in Section 6. The distributions of Dt and pT are shown in
Figs. 5 and 6, respectively. Since the discriminant Dbkg is optimal for signal separation in the
on-shell region, a requirement Dbkg > 0.5 is applied to reduce the background when showing
these distributions.

Uncertainties in the Dt distribution for the signal and the prompt background are obtained
from a comparison of the expected and observed distributions in the m4` sidebands, 70 <
m4` < 105.6 GeV and 170 < m4` < 800 GeV. These uncertainties obtained from this comparison
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Figure 12: 95% CL upper limits on � ⇥ BR(H ! ZZ) as a function of mH , resulting from the combination of all of
the searches in the (a) ggF and (b) VBF channels. The solid black line and points indicate the observed limit. The
dashed black line indicates the expected limit and the bands the 1-� and 2-� uncertainty ranges about the expected
limit. The dashed coloured lines indicate the expected limits obtained from the individual searches; for the ``qq
and ⌫⌫qq searches, only the combination of the two is shown as they share control regions.
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Figure 13: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models for mH = 200 GeV, shown
as a function of the parameters cos(� � ↵) and tan �. The red hashed area shows the observed exclusion, with the
solid red line denoting the edge of the excluded region. The dashed blue line represents the expected exclusion
contour and the shaded bands the 1-� and 2-� uncertainties on the expectation. The vertical axis range is set such
that regions where the light Higgs couplings are enhanced by more than a factor of three from their SM values are
avoided.

also not directly comparable with the recent results published by the CMS Collaboration [8] for similar
reasons.
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Figure 14: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models for cos(� � ↵) = �0.1,
shown as a function of the heavy Higgs boson mass mH and the parameter tan �. The shaded area shows the
observed exclusion, with the black line denoting the edge of the excluded region. The blue line represents the
expected exclusion contour and the shaded bands the 1-� and 2-� uncertainties on the expectation. The grey area
masks regions where the width of the boson is greater than 0.5% of mH . For the choice of cos(� � ↵) = �0.1 the
light Higgs couplings are not altered from their SM values by more than a factor of two.

12. Summary

A search is presented for a high-mass Higgs boson in the H ! ZZ ! `+`�`+`�, H ! ZZ ! `+`�⌫⌫̄,
H ! ZZ ! `+`�qq̄, and H ! ZZ ! ⌫⌫̄qq̄ decay modes using the ATLAS detector at the CERN
Large Hadron Collider. The search uses proton–proton collision data at a centre-of-mass energy of 8 TeV
corresponding to an integrated luminosity of 20.3 fb�1. The results of the search are interpreted in the
scenario of a heavy Higgs boson with a width that is small compared with the experimental mass resol-
ution. The Higgs boson mass range considered extends up to 1 TeV for all four decay modes and down
to as low as 140 GeV, depending on the decay mode. No significant excess of events over the Standard
Model prediction is found. Limits on production and decay of a heavy Higgs boson to two Z bosons are
set separately for gluon-fusion and vector-boson-fusion production modes. For the combination of all
decay modes, 95% CL upper limits range from 0.53 pb at mH = 195 GeV to 0.008 pb at mH = 950 GeV
for the gluon-fusion production mode and from 0.31 pb at mH = 195 GeV to 0.009 pb at mH = 950 GeV
for the vector-boson-fusion production mode. The results are also interpreted in the context of Type-I
and Type-II two-Higgs-doublet models, with exclusion contours given in the cos(� � ↵) versus tan � and
mH versus tan � planes for mH = 200 GeV. This mH value is chosen so that the assumption of a narrow-
width Higgs boson is valid over most of the parameter space, and so that the experimental sensitivity is
at a maximum. Compared with recent studies of indirect limits, the two-Higgs-doublet model exclusion
presented here is considerably more stringent for Type-I with cos(� � ↵) < 2 and 0.5 < tan � < 2, and for
Type-II with 0.5 < tan � < 2.
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interesting events in a fixed time interval of less than 4 µs. The high level trigger processor farm
further decreases the event rate from around 100 kHz to less than 1 kHz, before data storage. A
more detailed description of the detector as well as the definition of the coordinate system and
relevant kinematic variables can be found in Ref. [58].

3 Signal model and simulations
Several Monte Carlo event generators are used to simulate the signal and background event
samples. The Higgs boson signal samples from gluon fusion (ggF, gg ! H), and vector bo-
son fusion (VBF, qq ! qqH), are generated with POWHEG 1.0 [59–63] at next-to-leading order
(NLO) and a dedicated program [64] used for angular correlations. Samples of WH, ZH, and
ttH events are generated using the leading-order (LO) PYTHIA 6.4 [65] program. At the gener-
ator level, events are weighted according to the total cross section s(pp ! H) [66], which con-
tains contributions from ggF computed to next-to-next-to-leading order (NNLO) and next-to-
next-to-leading-log (NNLL), and from weak-boson fusion computed at NNLO. The WW(ZZ)
invariant mass, mWW (mZZ), lineshape is affected by interference between signal and SM back-
ground processes. The simulated mH lineshape is therefore corrected to match theoretical pre-
dictions [67–69] using the complex-pole scheme for the Higgs boson propagator. The procedure
for including lineshape corrections and uncertainties from interference of the signal with back-
ground processes for both ggF and VBF production are described below in the discussion of
the lineshape corrections applied for the EW singlet interpretation.

The background contribution from qq ! WW production is generated using MADGRAPH
5.1 [70], and the subdominant gg ! WW process is generated at LO with GG2WW 3.1 [71]. The
qq ! ZZ production process is simulated at NLO with POWHEG, and the gg ! ZZ process is
simulated at LO using GG2ZZ 3.1 [72]. Other diboson processes (WZ, Zg(⇤), Wg(⇤)), Z+jets, and
W+jets are generated with PYTHIA and MADGRAPH. The tt and tW events are generated at
NLO with POWHEG. For all samples, PYTHIA is used for parton showering, hadronization, and
underlying event simulation. For LO generators, the default set of parton distribution func-
tions (PDF) used to produce these samples is CTEQ6L [73], while CT10 [74] is used for NLO
generators. The tau lepton decays are simulated with TAUOLA [75]. The detector response is
simulated using a detailed description of the CMS detector, based on the GEANT4 package [76],
with event reconstruction performed identically to that of recorded data. The simulated sam-
ples include the effect of multiple pp interactions per bunch crossing (pileup). The PYTHIA
parameters for the underlying events and pileup interactions are set to the Z2 (Z2⇤) tune [77]
for the 7 (8) TeV simulated data sample, with the pileup multiplicity distribution matching the
one observed in data.

The data are analysed to search for both a beyond the standard model (BSM) case in the form
of an EW singlet scalar mixed with the recently discovered Higgs boson, h(125), as well as a
heavy Higgs boson with SM-like couplings. The couplings of the two gauge eigenstates (h(125)
and EW singlet) are phenomenologically constrained by unitarity and the coupling strength of
the light Higgs boson is therefore reduced with respect to the SM case. The unitarity constraint
is ensured by enforcing C2 + C

02 = 1, where C and C0 are defined as the scale factors of the
couplings with respect to the SM of the low- and high-mass Higgs boson, respectively. The EW
singlet production cross section is also modified by a factor µ0 and the modified width is G0;
they are defined as

µ0 = C02 (1 � Bnew), (1)

3

G0 = GSM
C02

1 � Bnew
, (2)

where Bnew is the branching fraction of the EW singlet to non-SM decay modes. An upper limit
at 95% CL can be set indirectly as C

02 < 0.28 using the signal strength fits to the h(125) boson
as obtained in Ref. [78].

This paper focuses on the case where C02  (1�Bnew). In this regime the new state is expected
to have an equal or narrower width with respect to the SM case. Results are presented distin-
guishing between the Bnew = 0 and Bnew > 0 cases. Under this hypothesis, signal samples
with different Higgs boson widths are generated, scanning the C

02 and Bnew space. We follow
the recommendations of the “LHC Higgs Cross Section Working Group” [66] described below.

The SM signal mass lineshape generated with POWHEG is weighted in order to simulate the nar-
row scalar singlet lineshape. For the ggF production mode, the weights are calculated using
either the GG2ZZ generator for the ZZ channel, or the POWHEG and MCFM 6.2 [79] generators
for the interference calculation for the WW channel. For the VBF production mode, the in-
terference weights are computed using the PHANTOM 1.2 [80] generator, where the signal-only
lineshape at LO is weighted based on results obtained with MADGRAPH generator predictions.
The weights are defined as the ratio of the sum of a narrow resonance signal plus interference
and the standard model signal lineshape as generated. The contribution from the interference
term between the BSM Higgs boson and the background is furthermore assumed to scale ac-
cording to the modified coupling of the Higgs boson as (µ + I)BSM = µSMC02 + ISMC0, where
µ(I) is the signal strength (interference) in the BSM or SM cases. This assumption is based on
the hypothesis that the couplings are similar to the SM case and simply rescale due to unitarity
constraints. Systematic uncertainties considered for this procedure are detailed later.

If the new resonance has a very small width, its production will tend to interfere less with
the background continuum. Thus in the most interesting region of low-C02, the effect of the
interference and its exact modeling is of limited importance. Any possible interference between
h(125) and its EW singlet partner [81, 82] is assumed to be covered by a conservative systematic
uncertainty. In addition to the EW singlet, the analysis searches for a heavy Higgs boson that
gets produced and decays like the SM Higgs boson, but has a higher mass and interferes with
h(125).

4 Event reconstruction
CMS uses a particle-flow (PF) reconstruction algorithm [83, 84] to provide an event description
in the form of particle candidates, which are then used to build higher-level objects, such as
jets and missing transverse energy, as well as lepton isolation quantities. Not all the channels
considered here use the same selection criteria for their objects, but the common reconstruction
methods are listed below.

The high instantaneous luminosity delivered by the LHC provides an average of about 9 (21)
pileup interactions per bunch crossing in 7 (8) TeV data, leading to events with several possi-
ble primary vertices. The vertex with largest value of the sum of the square of the transverse
momenta (pT) for the associated tracks is chosen to be the reference vertex. According to sim-
ulation, this requirement provides the correct primary vertex in more than 99% of both signal
and background events.

Muon candidates are reconstructed by using one of two algorithms: one in which tracks in the
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interesting events in a fixed time interval of less than 4 µs. The high level trigger processor farm
further decreases the event rate from around 100 kHz to less than 1 kHz, before data storage. A
more detailed description of the detector as well as the definition of the coordinate system and
relevant kinematic variables can be found in Ref. [58].

3 Signal model and simulations
Several Monte Carlo event generators are used to simulate the signal and background event
samples. The Higgs boson signal samples from gluon fusion (ggF, gg ! H), and vector bo-
son fusion (VBF, qq ! qqH), are generated with POWHEG 1.0 [59–63] at next-to-leading order
(NLO) and a dedicated program [64] used for angular correlations. Samples of WH, ZH, and
ttH events are generated using the leading-order (LO) PYTHIA 6.4 [65] program. At the gener-
ator level, events are weighted according to the total cross section s(pp ! H) [66], which con-
tains contributions from ggF computed to next-to-next-to-leading order (NNLO) and next-to-
next-to-leading-log (NNLL), and from weak-boson fusion computed at NNLO. The WW(ZZ)
invariant mass, mWW (mZZ), lineshape is affected by interference between signal and SM back-
ground processes. The simulated mH lineshape is therefore corrected to match theoretical pre-
dictions [67–69] using the complex-pole scheme for the Higgs boson propagator. The procedure
for including lineshape corrections and uncertainties from interference of the signal with back-
ground processes for both ggF and VBF production are described below in the discussion of
the lineshape corrections applied for the EW singlet interpretation.

The background contribution from qq ! WW production is generated using MADGRAPH
5.1 [70], and the subdominant gg ! WW process is generated at LO with GG2WW 3.1 [71]. The
qq ! ZZ production process is simulated at NLO with POWHEG, and the gg ! ZZ process is
simulated at LO using GG2ZZ 3.1 [72]. Other diboson processes (WZ, Zg(⇤), Wg(⇤)), Z+jets, and
W+jets are generated with PYTHIA and MADGRAPH. The tt and tW events are generated at
NLO with POWHEG. For all samples, PYTHIA is used for parton showering, hadronization, and
underlying event simulation. For LO generators, the default set of parton distribution func-
tions (PDF) used to produce these samples is CTEQ6L [73], while CT10 [74] is used for NLO
generators. The tau lepton decays are simulated with TAUOLA [75]. The detector response is
simulated using a detailed description of the CMS detector, based on the GEANT4 package [76],
with event reconstruction performed identically to that of recorded data. The simulated sam-
ples include the effect of multiple pp interactions per bunch crossing (pileup). The PYTHIA
parameters for the underlying events and pileup interactions are set to the Z2 (Z2⇤) tune [77]
for the 7 (8) TeV simulated data sample, with the pileup multiplicity distribution matching the
one observed in data.

The data are analysed to search for both a beyond the standard model (BSM) case in the form
of an EW singlet scalar mixed with the recently discovered Higgs boson, h(125), as well as a
heavy Higgs boson with SM-like couplings. The couplings of the two gauge eigenstates (h(125)
and EW singlet) are phenomenologically constrained by unitarity and the coupling strength of
the light Higgs boson is therefore reduced with respect to the SM case. The unitarity constraint
is ensured by enforcing C2 + C

02 = 1, where C and C0 are defined as the scale factors of the
couplings with respect to the SM of the low- and high-mass Higgs boson, respectively. The EW
singlet production cross section is also modified by a factor µ0 and the modified width is G0;
they are defined as

µ0 = C02 (1 � Bnew), (1)
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Figure 2: The observed signal strengths and uncertainties for di↵erent Higgs boson decay channels and their com-
bination for mH = 125.36 GeV. Higgs boson signals corresponding to the same decay channel are combined together
for all analyses, assuming SM values for the cross-section ratios of di↵erent production processes. The best-fit val-
ues are shown by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with
the individual contributions from the statistical uncertainty (top), the total (experimental and theoretical) systematic
uncertainty (middle), and the signal theoretical uncertainty (bottom) on the signal strength shown as horizontal error
bars.

The uncertainty on the global signal strength has comparable statistical and systematic components and is
significantly reduced compared to the individual measurements, as illustrated in Fig. 2. Here, the largest
source of experimental systematic uncertainty is from background estimates in the analyses of individual
channels. This result is consistent with the SM expectation of µ = 1, with a p-value of 18%, All individual
measurements of the signal-strength parameters are consistent and compatible with the combined value,
with a p-value of 76%.

Performing independent combinations of measurements at
p

s = 7 and 8 TeV independently lead to
signal-strength values of

µ(7 TeV) = 0.75 +0.32
�0.29 = 0.75 +0.28

�0.26 (stat.) +0.13
�0.11 (syst.) +0.08

�0.05 (theo.), and

µ(8 TeV) = 1.28 +0.17
�0.15 = 1.28 ± 0.11 (stat.) +0.08

�0.07 (syst.) +0.10
�0.08 (theo.)
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transverse energy around 30 GeV is probed with an
accuracy of about 0.3%. Figures 1 and 2 summarize the
verifications of the electron and photon energy scales
from these samples using the 8 TeV data set, after the
full calibration procedure is applied. In addition to the
J=ψ → eþe− and Z → lþl−γ samples, the nonlinearity in
the electron energy scale is also probed by dividing the
Z → eþe− sample into bins of electron ET. These figures
also show the total systematic uncertainty on the electron
and photon energy scales as a function of ET and η. The
same verifications are performed using the 7 TeV data set
with results consistent within uncertainties.

G. Uncertainties on the calorimeter energy resolution

Systematic uncertainties on the calorimeter energy res-
olution arise from uncertainties in the modeling of the
sampling term and on the measurement of the constant term
in Z boson decays, from uncertainties related to the amount
of material in front of the calorimeter, which affect
electrons and photons differently, and from uncertainty
in the modeling of the small contribution to the resolution
from fluctuations in the pileup from other proton-proton

interactions in the same or neighboring bunch crossings.
The uncertainty on the calorimeter energy resolution is
typically ∼10% for photons from Higgs boson decays, and
varies from 10% to 5% for electrons in the ET range from
10 GeV to 45 GeV.

III. MUON RECONSTRUCTION, MOMENTUM
SCALE AND RESOLUTION SYSTEMATIC

UNCERTAINTIES

The muon momentum is measured independently by the
ID and the MS detector systems. Four types of muon
candidates are reconstructed, depending on the available
information from the ID, the MS, and the calorimeters.
Most muon candidates are identified by matching a
reconstructed ID track with either a complete or a partial
(local segment) track reconstructed in the MS [20,26]. If a
complete MS track is present, the two independent
momentum measurements are combined (CB muons);
otherwise the momentum is measured using the ID, and
the partial MS track serves as identification (segment-
tagged muons). The muon reconstruction and identification
coverage is extended by using tracks reconstructed in the
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FIG. 2 (color online). Relative scale difference, Δ Scale, between the measured photon energy scale using Z → llγ events and the
nominal energy scale: (a) as a function ofET for unconverted photons, (b) as a function of η for unconverted photons, (c) as a function ofET
for converted photons and (d) as a function of η for converted photons. Photons reconstructed in the transition region between the barrel and
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Scale uncertainties:
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reconstruction
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CMS electron energy scale & resolution – 0.05 (0.03) 0.03 (0.02)
Muon momentum scale & resolution 0.01 (0.01) 0.07 (0.03) 0.05 (0.02)
Other uncertainties:
ATLAS H ! �� background modeling 0.04 (0.03) – 0.01 (0.01)
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Additional experimental systematic 0.02 (<0.01) 0.01 (<0.01) 0.01 (<0.01)
uncertainties
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1

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm2
ZZ

⇠
g2

ggHg2
HZZ

(m2
ZZ � m2

H)
2 + m2

HG2
H

, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g2
ggHg2

HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g2

ggHg2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.

1

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm2
ZZ

⇠
g2

ggHg2
HZZ

(m2
ZZ � m2

H)
2 + m2

HG2
H

, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g2
ggHg2

HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g2

ggHg2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.

•  Non[negligible&offshell&
contribuHon&to&H(*)&� VV&cross&
secHon&(V&=&W,&Z)&

1. Introduction

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,
reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-
troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical
importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which
ATLAS and CMS presented results in Refs. [3, 4], and spin/CP properties, studied by ATLAS and CMS
in Refs. [5, 6].

The studies in Refs. [7–10] have shown that the high-mass o↵-peak regions beyond 2mV (V = Z,W), well
above the measured resonance mass of about 125 GeV [4,11], in the H ! ZZ and H ! WW channels are
sensitive to Higgs boson production through o↵-shell and background interference e↵ects. This presents
a novel way of characterising the properties of the Higgs boson in terms of the o↵-shell event yields,
normalised to the SM prediction (referred to as signal strength µ), and the associated o↵-shell Higgs
boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the
Higgs boson and other fundamental particles in the high-mass region [12–18]. This approach was used
by the CMS Collaboration [19] to set an indirect limit on the Higgs boson total width. The analysis
presented in this paper is complementary to direct searches for Higgs boson to invisible decays [20, 21]
and to constraints coming from the Higgs boson coupling tests [3, 4].

This paper presents an analysis of the o↵-shell signal strength in the ZZ ! 4`, ZZ ! 2`2⌫ and WW !
e⌫ µ⌫ final states (` = e, µ). It is structured as follows: Sect. 2 discusses the key theoretical considerations
and the simulation of the main signal and background processes. Sections 3, 4 and 5 give details for
the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively. The dominant
systematic uncertainties are discussed in Sect. 6. Finally the results of the individual analyses and their
combination are presented in Sect. 7.

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data
corresponding to an integrated luminosity of 20.3 fb-1 at a collision energy of

p
s = 8 TeV.

2. Theoretical predictions and simulated samples

The cross-section �gg!H⇤!VV
o↵-shell for the o↵-shell Higgs boson production through gluon fusion with sub-

sequent decay into vector-boson pairs,1 as illustrated by the Feynman diagram in Fig. 1(a), is proportional
to the product of the Higgs boson couplings squared for production and decay. However, unlike the on-
shell Higgs boson production, �gg!H⇤!VV

o↵-shell is independent of the total Higgs boson decay width �H [7,8].
Using the framework for Higgs boson coupling deviations as described in Ref. [23], the o↵-shell signal
strength in the high-mass region selected by the analysis described in this paper at an energy scale ŝ,
µo↵-shell(ŝ), can be expressed as:

µo↵-shell(ŝ) ⌘ �
gg!H⇤!VV
o↵-shell (ŝ)

�gg!H⇤!VV
o↵-shell, SM (ŝ)

= 2g,o↵-shell(ŝ) · 2V,o↵-shell(ŝ) , (1)

1 In the following the notation gg ! (H⇤ !)VV is used for the full signal+background process for VV = ZZ and WW
production, including the Higgs boson signal (S) gg ! H⇤ ! VV process, the continuum background (B) gg ! VV process
and their interference. For vector-boson fusion (VBF) production, the analogous notation VBF (H⇤ !)VV is used for the
full signal plus background process, with VBF H⇤ ! VV representing the Higgs boson signal and VBF VV denoting the
background.
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and the simulation of the main signal and background processes. Sections 3, 4 and 5 give details for
the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively. The dominant
systematic uncertainties are discussed in Sect. 6. Finally the results of the individual analyses and their
combination are presented in Sect. 7.

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data
corresponding to an integrated luminosity of 20.3 fb-1 at a collision energy of

p
s = 8 TeV.

2. Theoretical predictions and simulated samples

The cross-section �gg!H⇤!VV
o↵-shell for the o↵-shell Higgs boson production through gluon fusion with sub-

sequent decay into vector-boson pairs,1 as illustrated by the Feynman diagram in Fig. 1(a), is proportional
to the product of the Higgs boson couplings squared for production and decay. However, unlike the on-
shell Higgs boson production, �gg!H⇤!VV

o↵-shell is independent of the total Higgs boson decay width �H [7,8].
Using the framework for Higgs boson coupling deviations as described in Ref. [23], the o↵-shell signal
strength in the high-mass region selected by the analysis described in this paper at an energy scale ŝ,
µo↵-shell(ŝ), can be expressed as:

µo↵-shell(ŝ) ⌘ �
gg!H⇤!VV
o↵-shell (ŝ)

�gg!H⇤!VV
o↵-shell, SM (ŝ)

= 2g,o↵-shell(ŝ) · 2V,o↵-shell(ŝ) , (1)

1 In the following the notation gg ! (H⇤ !)VV is used for the full signal+background process for VV = ZZ and WW
production, including the Higgs boson signal (S) gg ! H⇤ ! VV process, the continuum background (B) gg ! VV process
and their interference. For vector-boson fusion (VBF) production, the analogous notation VBF (H⇤ !)VV is used for the
full signal plus background process, with VBF H⇤ ! VV representing the Higgs boson signal and VBF VV denoting the
background.
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where g,o↵-shell(ŝ) and V,o↵-shell(ŝ) are the o↵-shell coupling scale factors associated with the gg ! H⇤
production and the H⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,
the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent
of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated
independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The
interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.
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Figure 1: The leading-order Feynman diagrams for (a) the gg ! H⇤ ! VV signal, (b) the continuum gg ! VV
background and (c) the qq̄! VV background.

In contrast, the cross-section for on-shell Higgs boson production allows a measurement of the signal
strength:

µon-shell ⌘
�gg!H!VV

on-shell

�gg!H!VV
on-shell, SM

=
2g,on-shell · 2V,on-shell

�H/�SM
H

, (2)

which depends on the total width �H . Assuming identical on-shell and o↵-shell Higgs boson coupling
scale factors, the ratio of µo↵-shell to µon-shell provides a measurement of the total width of the Higgs boson.
This assumption is particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced
gg ! H production process, as it is sensitive to new physics that enters at higher mass scales and could
be probed in the high-mass mVV signal region of this analysis. More details are given in Refs. [12–16].
With the current sensitivity of the analysis, only an upper limit on the total width �H can be determined,
for which the weaker assumption

2g,on-shell · 2V,on-shell  2g,o↵-shell · 2V,o↵-shell , (3)

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed
that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings
i,o↵-shell does not modify the predictions for the backgrounds. Further, neither are there sizeable kinematic
modifications to the o↵-shell signal nor new, sizeable signals in the search region of this analysis unrelated
to an enhanced o↵-shell signal strength [18, 24].

While higher-order quantum chromodynamics (QCD) and electroweak (EW) corrections are known for
the o↵-shell signal process gg ! H⇤ ! ZZ [25], which are also applicable to gg ! H⇤ ! WW, no
higher-order QCD calculations are available for the gg! VV background process, which is evaluated at
leading order (LO). Therefore the results are given as a function of the unknown K-factor for the gg! VV
background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively in
the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables and,
the event selections are designed to minimise the dependence on the boost of the VV system, which is
sensitive to the jet multiplicity.
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•  H[>ZZ[>4l&channel&
–  Matrix[element&discriminant&

targesng&H0+&
&
&
&

&

&

•  H[>ZZ[>2l2ν&channel&
•  Only&in&off[shell&region&
•  Discriminant:&transverse&mass&mT&

•  H[>WW[>eµ2ν&channel&
•  Discriminant:&R8&combinaHon&of&dilepton&

mass&and&mT
WW&

•  Channel&combinaHon&assuming&same&κg,&κV&in&
ZZ&and&WW&channels&

The kinematic discriminant is defined as in Ref. [9]:

ME = log10

 
PH

Pgg + c · Pqq̄

!
, (7)

where c = 0.1 is an empirical constant, to approximately balance the overall cross-sections of the qq̄ !
ZZ and gg ! (H⇤ !)ZZ processes. The value of c has a very small e↵ect on the analysis sensitivity.
Figure 3(b) shows the observed and expected distributions of the ME-based discriminant combining all
lepton final states. Events with the ME-based discriminant value between �4.5 and 0.5 are selected with
a signal e�ciency of > 99%.
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Figure 3: Observed distributions for (a) the four-lepton invariant mass m4` in the range of 220 GeV <
m4` < 1000 GeV and (b) the ME-based discriminant combining all lepton final states for the ME-based analysis
signal region, compared to the expected contributions from the SM including the Higgs boson (stack). The dashed
line corresponds to the total expected event yield, including all backgrounds and the Higgs boson with µo↵-shell = 10.
A relative gg! ZZ background K-factor of RB

H⇤=1.0 is assumed. The Z+jets and top-quark backgrounds are barely
visible in the plot since they are very small (<1% of the total background).

In addition, an alternative multivariate discriminant based on a boosted decision tree (BDT) algorithm was
studied to further separate the gg ! H⇤ ! ZZ signal and the main qq̄ ! ZZ background, by exploiting
additional kinematic information (pT and ⌘) of the ZZ system. The analysis sensitivity improves very
little (⇠2%) compared to the ME-based discriminant alone. Due to the dependence on the pT of the ZZ
system, the BDT-based discriminant introduces additional systematic uncertainties from the higher-order
QCD corrections. For these reasons, the BDT-based discriminant is not used for the final result.

4. Analysis of the ZZ ! 2` 2⌫ final state

The analysis of the ZZ ! 2`2⌫ channel follows strategies similar to those used in the invisible Higgs bo-
son search in the ZH channel [20]. The definitions of the reconstructed physics objects (electrons, muons,
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Process ZZ ! 4` ZZ ! 2` 2⌫ WW ! e⌫ µ⌫
gg! H⇤ ! VV (S) 1.1 ± 0.3 3.2 ± 1.0 1.5 ± 0.4
gg! VV (B) 2.8 ± 0.8 5.3 ± 1.6 3.6 ± 1.1
gg ! (H⇤ !)VV 2.4 ± 0.7 3.9 ± 1.2 2.4 ± 1.2
gg! (H⇤ !)VV (µo↵-shell = 10) 9.2 ± 2.5 24.0 ± 7.3 10 ± 4
VBF H⇤ ! VV (S) 0.12 ± 0.01 0.48 ± 0.04 0.42 ± 0.05
VBF VV (B) 0.71 ± 0.04 1.2 ± 0.2 1.6 ± 0.2
VBF (H⇤ !)VV 0.59 ± 0.03 0.7 ± 0.1 1.1 ± 0.1
VBF (H⇤ !)VV (µo↵-shell = 10) 1.17 ± 0.06 2.9 ± 0.2 2.8 ± 0.3
qq̄! ZZ 21.3 ± 2.1 31.5 ± 3.5 �

2.0 ± 0.2qq̄! WZ - 10.6 ± 1.4
qq̄! WW - 9>>=

>>; 0.4 ± 0.2
40 ± 5

tt̄, Wt, and tb̄/tqb̄ - 35 ± 4
Z ! ⌧⌧ - 1.4 ± 0.2
Z ! ee, µµ - 3.5 ± 3.0 -
Other backgrounds - 0.8 ± 0.2 8.7 ± 1.3
Total Expected (SM) 24.4 ± 2.2 51 ± 6 90 ± 4
Observed 18 48 82

Table 1: Expected and observed numbers of events in the signal region for all final states in the cut-based ap-
proaches. For the ZZ ! 4` analysis a mass range of 400 < m4` < 1000 GeV is used. The other backgrounds in
the ZZ ! 4` final state include contributions from Z+jets and top-quark processes. For the ZZ ! 2`2⌫ analysis
the range 380 GeV < mZZ

T < 1000 GeV is considered. For the WW ! e⌫ µ⌫ analysis, the region R8 > 450 GeV
is used and background event yields are quoted after the likelihood fit was performed. The expected events for the
gg ! (H⇤ !)VV and VBF (H⇤ !)VV processes (ZZ or WW), including the Higgs boson signal, background and
interference, are reported for both the SM predictions (in bold) and µo↵-shell = 10. A relative gg! VV background
K-factor of RB

H⇤=1 is assumed. The uncertainties in the number of expected events include the statistical uncer-
tainties from MC samples and systematic uncertainties. The entries with a � are for processes with event yields
< 0.1.

jets, and missing transverse momentum) are identical, but some of the kinematic cuts were optimised for
the current analysis.

4.1. Event selection

As the neutrinos in the final state do not allow for a kinematic reconstruction of mZZ , the transverse mass
(mZZ

T ) reconstructed from the transverse momentum of the dilepton system (p``T ) and the magnitude of the
missing transverse momentum (Emiss

T ):

mZZ
T ⌘

s q
m2

Z +
���p``T

���2 +
q

m2
Z +

���Emiss
T

���2
!2

� ���p``T + Emiss
T

���2 , (8)

is chosen as the discriminating variable to enhance sensitivity to the gg! H⇤ ! ZZ signal.

The selection criteria are optimised to maximise the signal significance with respect to the main back-
grounds, which are ZZ, WZ, WW, top-quark, and W/Z+jets events, as described in Sect. 4.2. The impact
of the background uncertainty is considered in the significance calculation.
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SystemaHc&uncertainHes&

Systematic uncertainty 95% CL lim. (CLs) on µo↵�shell
Interference gg! (H⇤ !)VV 7.2
QCD scale KH⇤(mVV ) (correlated component) 7.1
PDF qq̄! VV and gg! (H⇤ !)VV 6.7
QCD scale qq̄! VV 6.7
Luminosity 6.6
Drell–Yan background 6.6
QCD scale KH⇤

gg (mVV ) (uncorrelated component) 6.5
Remaining systematic uncertainties 6.5
All systematic uncertainties 8.1
No systematic uncertainties 6.5

Table 5: The expected 95% CL upper limit on µo↵-shell for the combined ZZ and WW analyses, with a ranked
listing of each systematic uncertainty individually, comparing with no systematic uncertainty or all systematic
uncertainties. The upper limits are evaluated using the CLs method, assuming RB

H⇤=1. The ratio of the gg ! H⇤
and VBF processes is assumed to be as expected in the SM.

In addition to the main theoretical uncertainties, the common experimental systematic uncertainties are
treated as correlated.

The results reported in the following are based on two di↵erent assumptions:

• Determination of �H/�SM
H when profiling the coupling scale factors g and V associated with the

on- and o↵-shell gg ! H(⇤) and VBF production and the H(⇤) ! VV decay, assuming g =
g,on-shell = g,o↵-shell and V = V,on-shell = V,o↵-shell.

• Determination of Rgg = 2g,o↵-shell/
2
g,on-shell when profiling the coupling scale factor V = V,on-shell =

V,o↵-shell associated with the VBF production and the H(⇤) ! VV decay. The ratio �H/�SM
H =1 is

fixed to the SM prediction. The parameter Rgg is sensitive to possible modifications of the gluon
couplings in the high-mass range with respect to the on-shell value.

The negative log-likelihood scans for the above-defined fitting configurations as well as the combined
upper limit at 95% CL on �H/�SM

H and Rgg are illustrated in Figs. 11 and 12 and the corresponding limits
are listed in Table 6. The limits are all computed with the CLs method, taking the SM values as the
alternative hypothesis.

The limit on �H/�SM
H can be translated into a limit on the total width of the Higgs boson under the

assumptions reported above, out of which the most important is that the relevant Higgs boson coupling
scale factors are independent of the energy scale of the Higgs boson production. Assuming a value of
RB

H⇤=1, this translates into an observed (expected) 95% CL upper limit on the Higgs boson total width of
22.7 (33.0) MeV.10

10 The value of the SM Higgs boson width of 4.12 MeV at a mass of 125.4 GeV [23] is used to convert the limit �H/�SM
H into

the total width limit.
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VBF&

–  Allows&to&search&for&a&mass[dependent&HVV&
anomalous&coupling&ΛQ&

&

2 2 Analysis techniques

momentum. The average Dt is inversely proportional to the total width:

hDti = tH =
h̄

GH
(2)

The distribution of the measured lifetime Dt is used to set an upper limit on the average lifetime
of the H boson, or equivalently a lower limit on its width GH, and it follows the exponential
distribution if known perfectly. The expected SM H boson average lifetime is tH ⇡ 48 fm/c
(16 ⇥ 10�8 fs) and is beyond instrumental precision. The technique summarized in Eq. (1)
nonetheless allows the first direct experimental constraint on tH.

The upper bound on GH is set using the off-shell production method [22–24] and follows the
technique developed by CMS [10], where the gluon fusion and weak vector boson fusion (VBF)
production mechanisms were considered in the analysis. The technique considers the H boson
production relationship between the on-shell (105.6 < m4` < 140.6 GeV) and off-shell (220 <
m4` < 1600 GeV) regions. Denoting each production mechanism with vv ! H ! ZZ for H
boson coupling to either strong (vv = gg) or weak (vv = VV) vector bosons vv, the on-shell
and off-shell yields are related by

s

on-shell
vv!H!ZZ µ µvvH and s

off-shell
vv!H!ZZ µ µvvH GH, (3)

where µvvH is the on-shell signal strength, the ratio of the observed and expected on-shell
production cross sections for the four-lepton final state, which is denoted by either µggH for
gluon fusion production or µVVH for VBF production. The ttH process is driven by the H
boson couplings to heavy quarks like the gluon fusion process, and the VH process by the H
boson couplings to weak vector bosons like the VBF process. They are therefore parameterized
with the same on-shell signal strengths µggH and µVVH, respectively. The effects of signal-
background interference are not shown in Eq. (3) for illustration but are taken into account in
the analysis.

The relationship in Eq. (3) implies variations of the vvH couplings as a function of m4`. This
variation is assumed to be as in the SM gluon fusion process. The assumption is valid as long
as the production is dominated by the top-quark loop and no new particles contribute to this
loop. Variation of the HVV couplings, either in the VBF or VH production or in the H ! ZZ
decay, may depend on anomalous coupling contributions. An enhancement of the off-shell
signal production is suggested with anomalous HVV couplings [10, 25–27], but neither experi-
mental studies of off-shell production nor realistic treatment of signal-background interference
has been done with these anomalous couplings. We extend the methodology of the recent anal-
ysis of anomalous HVV couplings of the H boson [17] to study these couplings and introduce
in the scattering amplitude an additional term that depends on the H boson invariant mass,
(qV1 + qV2)

2:

A(HVV) µ

"
a1 � eifLQ

(qV1 + qV2)
2

(LQ)
2 � eifL1

�
q2

V1 + q2
V2
�

(L1)
2
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Figure 4: Distribution of the transverse mass in the 2`2n channel. Points represent the data,
filled histograms the expected contributions from the backgrounds, and from the gluon fusion
(gg) and vector boson fusion (VV) SM processes (including the Higgs-mediated contributions).
The dashed line corresponds to the total expected yield for a Higgs boson width and a squared
product of the couplings scaled by a factor 10 with respect to their SM values. The bin size
varies from 80 to 210 GeV and the last bin includes all entries with transverse masses above
1 TeV.

induced processes, which affect both the normalization and the shape, are especially important
in this analysis (in particular for the signal and interference contributions that are scaled by
large factors). However, these uncertainties partially cancel when measuring simultaneously
the yield from the same process in the on-shell signal region. The remaining mZZ-dependent
uncertainties in the QCD renormalization and factorization scales are derived using the K fac-
tor variations from Ref. [14], corresponding to a factor of two up or down from the nominal
mZZ/2 values, and amount to 2–4%. For the gg ! ZZ continuum background production, we
assign a 10% additional uncertainty on the K factor, following Ref. [22] and taking into account
the different mass ranges and selections on the specific final state. This uncertainty also affects
the interference with the signal. The PDF uncertainties are estimated following Refs. [39, 40] by
changing the NLO PDF set from MSTW2008 to CT10 [41] and NNPDF2.1 [42], and the resid-
ual contribution is about 1%. For the VBF processes, no significant mZZ-dependence is found
regarding the QCD scales and PDF uncertainties, which are in general much smaller than for
the gluon fusion processes [8, 9]. In the 2`2n final state, additional uncertainties on the yield
arising from the theoretical description of the parton shower and underlying event are taken
into account (6%).

We perform a simultaneous unbinned maximum likelihood fit of a signal-plus-background
model to the measured distributions in the 4` and 2`2n channels. In the 4` channel the analysis
is performed in the on-shell and off-shell signal regions defined above. In the on-shell region, a

µoff&=&10&&

arXiv:1507.06656&&

Phys.&Leu.&B&736&(2014)&64&



40 60 80 100 120

E
v
e
n
ts

 /
  
G

e
V

2−10

1−10

1

10

210

310

410 Data
ggF H (900 GeV)

 obs. limit×5 
Z+jets
Diboson
Top
Multijet
Uncertainty
Pre-fit background

ATLAS
 -1 = 8 TeV, 20.3 fbs

llqq Merged→ZZ→H

 [GeV]jm
40 60 80 100 120D

a
ta

/P
re

d

0.5

1

1.5

(a)

700 800 900 1000 1100 1200 1300 1400

E
v
e
n
ts

 /
  
G

e
V

0

0.1

0.2

0.3

0.4

0.5 Data
ggF H (900 GeV)

 obs. limit×5 
VBF H (900 GeV)
Z+jets
Diboson
Top
Uncertainty
Pre-fit background

ATLAS
 -1 = 8 TeV, 20.3 fbs

llqq Merged→ZZ→H

 [GeV]lljm
700 800 900 1000 1100 1200 1300 1400D

a
ta

/P
re

d

0.5

1

1.5

(b)

Figure 4: Distributions for the merged-jet channel of the H ! ZZ ! `+`�qq̄ search after the mass calibration.
(a) The invariant mass of the leading jet, mj, after the kinematic selection for the ``qq merged-jet channel. (b) The
distribution used in the likelihood fit of the invariant mass of the two leptons and the leading jet m`` j in the signal
region. It is obtained requiring 70 < mj < 105 GeV. The dashed line shows the total background used as input to
the fit. The simulated signal is normalized to a cross-section corresponding to five times the observed limit given
in Section 11. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes
show the ratio of the observed data to the predicted background. The signal contribution is shown added on top of
the background in (b) but not in (a).

of them being non-b-tagged and pointing in opposite directions in z (that is, ⌘1 · ⌘2 < 0). If more than
one such pair is found, the one with the largest invariant mass, m j j,VBF, is selected. The pair must further
satisfy m j j,VBF > 500 GeV and have a pseudorapidity gap of |�⌘ j j,VBF| > 4. The distributions of these
two variables are shown in Fig. 5.

Once a VBF-jet pair has been identified, the ZZ ! `+`�qq̄ decay is reconstructed in exactly the same way
as in the resolved channel, except that the jets used for the VBF-jet pair are excluded and no b-tagging
categories are created due to the small sample size. The final m`` j j discriminant is shown in Fig. 6. Again,
the resolution is improved by constraining the dijet mass to mZ as described in Section 7.1.1, resulting in
a similar overall resolution of 2–3%.

7.2. Background estimation

The main background in the ``qq search is Z + jets production, with significant contributions from both
top-quark and diboson production in the resolved ggF channel, as well as a small contribution from mul-
tijet production in all channels. For the multijet background, the shape and normalization is taken purely
from data, as described below. For the other background processes, the input is taken from simulation,
with data-driven corrections for Z + jets and tt̄ production. The normalizations of the Z + jets and top-
quark backgrounds are left free to float and are determined in the final likelihood fit as described below
and in Section 10.
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Figure 1: The distributions used in the likelihood fit of the four-lepton invariant mass m```` for the H ! ZZ !
`+`�`+`� search in the (a) ggF, (b) VBF, and (c) VH channels. The ‘Z+ jets, tt̄’ entry includes all backgrounds other
than ZZ, as measured from data. No events are observed beyond the upper limit of the plots. The simulated mH =
200 GeV signal is normalized to a cross-section corresponding to five times the observed limit given in Section 11.
Both the VBF and VH signal modes are shown in (b) as there is significant contamination of VH events in the VBF
category.
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to reduce the background from top-quark production. All jets in the event must have an azimuthal angle
greater than 0.3 relative to the missing transverse momentum.

The discriminating variable used is the transverse mass mZZ
T reconstructed from the momentum of the

dilepton system and the missing transverse momentum, defined by:

(mZZ
T )2 ⌘

 q
m2

Z +
���p``T

���2 +
q

m2
Z +

���Emiss
T

���2
!2

�
����~p``T + ~E

miss
T

����
2
. (1)

The resulting resolution in mZZ
T ranges from 7% at mH = 240 GeV to 15% at mH = 1 TeV.

Figure 2 shows the mZZ
T distribution in the ggF channel. The event yields in the VBF channel are very

small (see Table 2).
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Figure 2: The distribution used in the likelihood fit of the transverse mass mZZ
T reconstructed from the momentum

of the dilepton system and the missing transverse momentum for the H ! ZZ ! `+`�⌫⌫̄ search in the ggF
channel. The simulated signal is normalized to a cross-section corresponding to five times the observed limit given
in Section 11. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom pane
shows the ratio of the observed data to the predicted background.

6.2. Background estimation

The dominant background is ZZ production, followed by WZ production. Other important backgrounds
to this search include the WW, tt̄, Wt, and Z ! ⌧+⌧� processes, and also the Z + jets process with
poorly reconstructed Emiss

T , but these processes tend to yield final states with low mT. Backgrounds from
W + jets, tt̄, single top quark (s- and t-channel), and multijet processes with at least one jet misidentified
as an electron or muon are very small.

The Powheg simulation is used to estimate the ZZ background in the same way as for the ```` search. The
WZ background is also estimated with Powheg and validated with data using a sample of events that pass
the signal selection and that contain an extra electron or muon in addition to the Z ! `+`� candidate.
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(a) Untagged, mH = 400 GeV
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500 600 700 800 900 1000

E
ve

n
ts

 /
 5

2
.5

 G
e

V

10

20

30

40

50

60
Data
ggF H (900 GeV)

 obs. limit×30 
W+hf
Z+hf
Z+bl
Diboson
Top
Uncertainty
Pre-fit background

ATLAS
 -1 = 8 TeV, 20.3 fbs

qq taggedνν→ZZ→H

 [GeV]Tm

500 600 700 800 900 1000D
a
ta

/P
re

d

0

1

2

(d) Tagged, mH = 900 GeV

Figure 9: The distributions of mT, the transverse mass of the Z(⌫⌫)Z( j j) system, used in the likelihood fit for the
H ! ZZ ! ⌫⌫̄qq̄ search in the (a, c) untagged and (b, d) tagged channels, for Higgs boson mass hypotheses of
(a, b) mH = 400 GeV and (c, d) mH = 900 GeV. The dashed line shows the total background used as input to the
fit. For the mH = 400 GeV hypothesis (a, b) the simulated signal is normalized to a cross-section corresponding to
twenty times the observed limit given in Section 11, while for the mH = 900 GeV hypothesis (c, d) it is normalized
to thirty times the observed limit. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes.
The bottom panes show the ratio of the observed data to the predicted background.

Z + jets MC simulation is corrected as a function of �� j j and p``T in the same manner as in the resolved
ggF channel of the ``qq search, as described in Section 7.2 and Appendix B.

The W + jets background estimate similarly uses a control sample with the same selection as the signal
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